Abstract
Introduction 33
With the progress of nanomaterials and nanotechnologies (Lahann, 
56
Heteroaggregation, which describes the aggregation of dissimilar particles, is a key process having significant 57 consequences on the NP fate, transport, bioavailability, uptake and ecotoxicity in environmental systems such as 
59
quantitative information on heteroaggregation such as aggregation rate constants and attachment efficiencies is 60 urgently needed to parameterize NP environmental transport and fate models (Dumont et 
69
Aggregation processes have been largely described and studied using experimental approaches (Albanese and 
74
Smoluchowski, who developed a mathematical kernel of equations to characterize second-order rate processes of 75 spherical particles under Brownian motion and/or in specific force fields (laminar shear, gravity, …) (Elderfield, 
76
1987; Elimelech et al., 1998; Filbet and Laurençot, 2004; Krivitsky, 1995) . In addition to this analytical approach,
77
several aggregation models were also numerically developed in 2D and 3D, such as the Witten and Sander
78
Diffusion Limited Aggregation (Meakin, 1985; Witten and Sander, 1981 ) and the Cluster-Cluster Aggregation 79 models (Kusaka et al., 2011; Meakin, 1984; Xiong et al., 2010) . Furthermore, fractal dimension concepts were 80 introduced to provide a mathematical description of the aggregate structures and to characterize different 81 aggregation regimes (Chakraborti et al., 2003; Kolb and Herrmann, 1987; Kranenburg, 1994) .
82
From an experimental point of view, various methods were developed to determine aggregation rate constants and 83 extract attachment efficiencies (Geitner et al., 2017) and aggregate fractal dimensions (Logan and Kilps, 1995;  
89
of heteroaggregation between citrate stabilized gold nanoparticles and hematite colloids was investigated using a 90 novel approach involving time-resolved dynamic light scattering and parallel experiments designed to quantify 91 nanoparticle attachment and heteroaggregate surface charge (Smith et al., 2015) . This study, in particular, underlined the importance of surface coverage in heteroaggregation. However, most of the methods and models
93
were developed and parametrized to investigate aggregation of one type of particles (homoaggregation), especially 94 in the experimental approaches.
95
When increasing the system heterogeneity, e.g. by considering two types of compounds (NPs and NOM), the 96 system becomes rapidly more complicated to describe, with an increase of the number of possible aggregation 97 scenarios (Figure 1) . From numerical and experimental points of views, a more extended description of particle 98 interactions (NPs-NOM; NPs-NPs; NOM-NOM), water and system properties is required to get an insight into 99 different heteroaggregation processes. On the other hand, the type and quality of information obtained from 100 experiments is dependent on the method used. Some techniques will be better designed for the description of fast 101 aggregation rates (LD) while others will be more adapted to slow regimes (DLS, settling batch methods). In most 
132
The individual aggregation rate constant between two particles of sizes i and j is usually defined by:
where, on the one hand, represents the collision rate constant, which is generally dependent on particle sizes 
147
For small identical particles (below 1m), the perikinetic case with Brownian motion is the most relevant and 
153
Another parameter, which is derived from this equation, is the aggregation rate constant ℎ which describes 154 the evolution of the object concentration (total number of particles and aggregates). This parameter, also referred
155
to heteroaggregation rate constant in the case of more than one compound present in the solution, is directly related 156 to the particle removal rate constant and is equal to 
178
distance between two particles is lower than the sum of the respective particle radii, then a MC attachment test is performed by comparing a random number chosen between 0 and 1 to the attachment efficiency corresponding to 180 the type of contact. Then, the movement is accepted or not according to the initial set of attachment values.
181
To consider realistic displacements all the particles (NPs and NOM) and aggregates are not moving with the same 
232
where represents the radius of the NOM particle which is adsorbed.
233
In this study, different attachment efficiency values for homo/heteroaggregation are given in Table 1 
271
Fraction of surface saturation reaches a maximum value for a ratio of 1 NP and 1000 NOM and is equal to 85%,
272
which corresponds to 340 adsorbed particles (full surface saturation would correspond to 400). This maximum 
284
Furthermore, saturation effects are playing a key role at different periods of the heteroaggregation process and, in 285 particular, on the heteroaggregation rate constants. As shown in Figure 3c , the heteroaggregation rate constant can 286 be extrapolated from the temporal evolution of the object concentration and comparison can be made between the 287 aggregation rate progress at short (heteroaggregation rate) and long time (global heteroaggregation rate) at low 288 NP/NOM ratios. At the early stages, NP free surface is available and the heteroaggregation process takes place 289 with a continuous decrease of the number of objects whereas, with time, the capacity of adsorbing NOM particles 290 becomes more and more limited. As a result, the number of objects is slowly decreasing with time and, very 291 interestingly, two distinct values of corresponding respectively to heteroaggregation at short time and, in 292 presence of surface saturation effect at "long" time can be calculated. Equilibrium effects are therefore expected
293
to reduce the heteroaggregation rate constants. 
307
the heteroaggregation. Our analysis is once again based on the variation with time of the total number of objects.
308
As shown in Figure 5 , in which the time variation of the inverse of the object concentration is given for the different
309
water models, at a fixed ratio (10 NPs and 1000 NOM), distinct behaviors are observed. For the marine water,
310
homoaggregation between NOM as well as NPs plays a key role in the overall aggregation process. Indeed, the Table 2 .
318
In Figure 6 , the heteroaggregation rate constants are explicitly represented as a function of NOM concentration. It 319 is found that for marine water, the heteroaggregation rate constant is continuously increasing with of the number 320 of NOM. Particles rapidly disappear and form a significant number of aggregates (as shown in Figure 8 ). 
330
In ultrapure and fresh waters, ℎ is found to be significantly smaller and it decreases with the NOM 331 concentration. The heteroaggregation process is controlled by the balance between the available free space at the 332 NP surface and the probability of collision between NPs and NOM. At low concentration, surface coverage is less 333 important hence promoting heteroaggregation and consequently the increase of ℎ .
334
In Figure 7 , the heteroaggregation attachment efficiencies of each water model and different relative concentration Table 3 .
338
At high NOM concentration, the attachment efficiencies are close to zero due to surface saturation effects and 339 reduced collision probability. In the case of fresh water "0.01", these values are a little bit higher due to limited 
354

Conclusions 356
In this study, various environmental scenarios from fresh to marine waters as well as mechanisms such as homo- 
378
677
water case where is equal to one (most favorable conditions).
